This study evaluated the efficiency of coagulation/flocculation, sedimentation and filtration processes using the combination of natural coagulant from Moringa oleifera Lam (MO) and synthetic coagulant aluminum polychloride (PAC) for water treatment. Raw water was obtained from the Pirapó River Basin, Maringá, Paraná State, Brazil. Coagulation/flocculation and sedimentation assays were carried out in a Jar Test. A two-layer rapid filter filled with sand and anthracite was used in the filtration stage. Water quality and therefore the efficiency of the process were determined by means of the analysis of physical, chemical and bacteriological parameters, including the determination of floc size and zeta potential. The utilization of MO contributed to the reduction of the required demand of synthetic coagulant PAC. The association of coagulants, with 80%/20% or 60%/40% of MO/PAC, ensured an improvement of water quality parameters, such as apparent color, turbidity and UV254nm, as well as the possibility of water production with adequate potability standard.
INTRODUCTION
Water quality has significantly deteriorated and drinking water access has become one of the major problems faced due to rising populations and industrialization, especially in developing countries (Tukki et al., 2016) . The World Health Organization (WHO) estimates that 1.8 billion people in the World still do not have access to drinking water and more than 800,000 people are estimated to die of diarrhea as a result of low-quality drinking water, sanitation and poor hand hygiene every year (WHO UNICEF, 2015) . Hence, new technologies for water treatment are essential for the reduction of pollutants, especially pathogens, producing safe water for human consumption according to technical parameters required by law.
Synthetic coagulants have been widely used in conventional water treatment processes, especially in the stages of coagulation/flocculation, filtration and sedimentation. Among them, aluminum polychloride (PAC), which is an inorganic polymer, stands out since it has a rapid aggregation speed, forms heavy flocs and requires lower dosages of coagulant, leading to a smaller volume of sludge. Moreover, it can be easily replaced by other synthetic coagulants, such as aluminum sulfate and ferric chloride (Srivastava et al., 2005) . Additionally, it has been widely studied since it exhibits better efficiency than other coagulants for color and turbidity removal and has smaller temperature and pH dependence (Pisoi, 2011) .
Despite the well known performance and cost-effectiveness of synthetic coagulants, mainly aluminum sulphate and PAC, one of the major problems of these conventional products is the residual aluminum content present in water after treatment, which has been linked to Alzheimer's disease .
The use of natural coagulants has been studied as an interesting alternative for water treatment, primarily due to their abundant availability, low cost, non-toxicity, and multifunctional behavior (Bhuptawat et al., 2007; Tukki et al., 2016) .
Among the natural coagulants, Moringa oleifera Lam (MO) stands out as one of the mostused (Ndabigengesere et al., 1995) . It is native to northern India, belonging to the Moringaceae family, which is composed of one unique genre (Moringa) and 14 species (Anwar et al., 2007; Meneghel et al., 2013) . It is adapted to habitats with low pluviometric indexes and hot climates and does not require any specific type of soil. However, it does not develop properly at low temperatures, which can be a major drawback for biomass production in several parts of the World (Poumaye et al., 2012) .
It is assumed that MO seeds act as a coagulant in water clarification due to the presence of a soluble, high molecular weight cationic protein, which can reduce the turbidity of treated water (Ndabigengesere et al., 1995) .
According to Valverde et al. (2018) MO does not alter significantly the pH (Awad et al. 2013 ) and alkalinity of water after treatment (Ndabigengesere and Narasiah, 1998) . The sludge produced during the coagulation process is innocuous because all MO byproducts are organic, non-toxic and biodegradable (Ndabigengesere et al., 1995) . Furthermore, MO seeds also have antimicrobial activity (Joshua and Vasu, 2013) .
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Aiming to improve the efficiency in coagulation/flocculation processes with MO, several researchers have studied its association with synthetic coagulants, such as aluminum sulfate, ferric chloride, PAC and anionic polymers (Awad et al., 2013; Bongiovani et al., 2014; David et al., 2016; Freitas et al., 2016; Ghebremichael et al., 2009; Valverde et al., 2013; . However, there is still a shortage of comprehensive studies comparing the efficiency of coagulant associations (Yin, 2010) .
Thus, considering the coagulant properties of MO and PAC, the present work evaluated the efficiency of coagulation/flocculation, sedimentation and filtration processes using the association of these coagulants in raw water treatment processes.
MATERIALS AND METHODS
Raw water samples were collected from a public water-treatment system (WTS), Paraná Sanitation Company (Companhia de Saneamento do Paraná, SANEPAR), located in Maringá City, Paraná State, Brazil. The surface water is from the Pirapó river basin. Water characterization before and after treatment was carried out by means of quality parameters such as floc size, zeta potential (Delsa Nano TM C Beckman Coulter), apparent color, UV254nm absorption (DR 5000 Hach Spectrophotometer), turbidity (2100P Hach Turbidimeter), temperature (L-151/08 Incoterm Thermometer), pH (Thermo Scientific Orion VSTAR92 Versastar Meter), DOC (TOC-L CPH Shimadzu Total Organic Carbon Analyzer), total trihalomethanes (TTHM) (Internal Standard Addition Method), alkalinity and volatile acids, total hardness, total dissolved solids (TDS) (APHA et al., 1995) , total coliforms and Escherichia coli (TM EC 3M Petrifilm plate).
Coagulant preparation
Natural coagulant was prepared with 15 g of previously peeled MO seeds from Aracaju, Sergipe, Brazil. The seeds were ground in a household blender for 3 minutes and dried in an oven at 40°C until reaching constant weight.
Synthetic coagulant was prepared with a 1% (v/v) concentration, 1 mL of PAC in a 100 mL volumetric flask and filled up to the mark with distilled water.
Coagulation/flocculation and sedimentation process
Coagulation/flocculation assays were carried out in a six-paddle stirrer Jar Test with a regulated paddle speed, using 700 mL of raw water.
The maximum dosages were adapted according to values cited in the literature as 50 mg L -1 for MO (Baptista et al., 2015) and 12.5 mg L -1 for PAC (Zouboulis and Tzoupanos, 2010) . Coagulant dosages used in the assays are presented in Table 1 . Optimal operational conditions were experimentally determined in a previous study for the association of MO seeds and PAC coagulants as being: 100 rpm for 1 minute in order to provide rapid mixing; 45 rpm for 15 minutes in order to provide slow mixing and 15 minutes for sedimentation.
After the coagulation/flocculation and sedimentation process, samples of treated water were collected from each one of the flasks with the aid of a 20 mL graduated pipette.
To compare the results, variance analysis (ANOVA) and Tukey Test were carried out at a 95% confidence interval, with a significant p-value < 0.05, in order to verify the significant differences. The SISVAR statistical program was used (version 5.3) (Ferreira, 2011) .
Filtration step
A rapid downflow filtration process was used after the coagulation/flocculation and sedimentation assays, using treated water, as illustrated in Figure 1 . The process consisted of a feed tank (1) and a continuous-flow filter feeding was carried out by means of a peristaltic pump (2). A filtration rate of 240 m 3 m -2 day -1 was adopted (equivalent to a flow rate of 535 mL min -1 ). An acrylic column (3) with an internal diameter of 6.4 cm, a length of 35 cm with double-layer, and deep-bed filtration was used. The 20 cm highfiltration column was built with materials provided by SANEPAR, previously washed, with a 6 cm-thick layer of sand with granulometry between 0.42 mm and 2.00 mm, and a 9 cm-thick layer of anthracite with granulometry between 0.71 and 2.40 mm, supported on a screen and a 5 cm layer of rolled pebbles with sizes between 1/4" and 1/8". Flow rate measurement was performed at the filter outlet (4) every 3 min, and the starting point for treated water sample collection occurred in the final minute of filtration, that is, after a 15-min time span for a total period of filtration of 21 min, in order to assure assay uniformity. Figure 2 presents the results for removal parameters of apparent color, turbidity and compounds with UV254nm absorption obtained with the combination of coagulants.
RESULTS AND DISCUSSION
The utilization of greater proportions of MO as coagulant in the coagulation/flocculation and sedimentation processes led to lower removal efficiencies, with 70.1%, 75.1%, 56.7% for removal of apparent color, turbidity, and UV254nm absorption, respectively. However, its use as an adjuvant to PAC was interesting, since good results for all parameters were then observed. It also diminished the amount of process residues, which is in agreement with Valverde et al. (2013) , , and Ghebremichael et al. (2009) . Dalen et al. (2009) observed the same synergy when PAC and MO seed powder were blended and used in water treatment than using pure MO.
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According to Ghebremichael et al. (2009) , MO is a viable coagulant in the partial replacement of synthetic coagulants. However, the association of coagulants used in the coagulation/flocculation and sedimentation processes is not sufficient to produce drinking water. Tt is therefore necessary to add a filtration stage to improve the quality of treated water.
Considering that MO/PAC 80%/20% and 60%/40% dosages showed the best removal efficiencies, it was decided to study their effectiveness in the other stages of this work. The removal efficiency was around 85% for apparent color and turbidity and 71% for UV254nm absorption with MO/PAC dosages of 80%/20% and around 92% for apparent color and turbidity and 77% for UV254nm absorption with MO/PAC dosages of 60%/40%.
A control experiment was carried out using PAC as the coagulant. The removal efficiency was around 95% for apparent color and turbidity and 90% for UV254nm absorption. Although the results were positive, aluminium salts used as a primary coagulant in water treatment may lead to increased concentrations of aluminium ions in drinking water (Muyibi and Alfugara, 2003) that may be related to neurological diseases besides accelerating the degenerative process of Alzheimer's disease (Joshua and Vasu, 2013) . Thus, it is important to decrease the dosage of the PAC coagulant used in coagulation/flocculation process.
The observed results for floc sizes and average values of zeta potential are shown in Table  2 , considering only the supernatant after coagulation/flocculation and sedimentation processes for dosages MO/PAC 80%/20% and 60%/40%. Zeta potential of raw water was -21.00 mV. After the coagulation/flocculation and sedimentation processes, the observed results lie around -12.00 mV. A reduction of zeta potential after treatment with MO as the association of natural coagulant with aluminum salts has also been observed by other authors (Muyibi and Alfugara, 2003) . The addition of synthetic products to a colloidal dispersion causes a destabilisation of flocs by means of zeta potential reduction. According to Muyibi and Alfugara (2003) the change in zeta potential indicated that some charge neutralization had taken place to some degree. Therefore, the proposed coagulation mechanism for MO used as a primary coagulant in the treatment of raw water is a combination of a partial absorption and neutralization of charges, or adsorption and bridge-making in which negative particles of colloids were adsorbed on MO's surface. Joshua and Vasu (2013) reported that when powder from seeds is added to muddy water, proteins release positive charges, which attract negative-charged entities, such as mud, clay, bacteria and toxic particles in the water. Flocculation occurs when proteins bind themselves to the negative charges and produce flocs by aggregating particles in water (Valverde et al., 2018) .
Several studies aimed to isolate and characterize the active coagulant compound present in MO seeds. The coagulation mechanism in aqueous solution seemed to be adsorption and neutralization of charges (Poumaye et al., 2012) , based on results obtained by zeta potential (Muyibi and Alfugara, 2003) . Ndabigengesere et al. (1995) suggest that the adsorption mechanism and bridge-making processes are also possible. Consequently, the activation mechanism of MO as a coagulant is still undefined (Valverde et al., 2018) .
Floc size is a crucial parameter in water treatment processes (Bongiovani et al., 2014) . It is also known that large flocs tend to present better removal efficiencies (Wang et al., 2009) . Floc size increases significantly with the addition of coagulants in water treatment. It was observed that at lower MO dosages, and, consequently, higher synthetic coagulant dosages, larger flocs are obtained, which corroborates the study of Dalen et al. (2009) . The flocs formed with MO aqueous extract are small and fragile, and the sedimentation process is slow (Bongiovani et al., 2014) . Table 3 presents the characterization of water treated by means of the association of coagulants MO and PAC after the coagulation/flocculation, sedimentation and filtration processes.
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(2) According to the TTHM analysis method, 1.5 mg.L -1 of sodium hypochlorite was added to the filtered water and the time of contact was 8 h.
Through the obtained results using the dosages MO/PAC 80%/20% and 60%/40%, it was possible to observe that, despite occurring a reduction in control residual values for most quality parameters, it could be noted that apparent color, turbidity, total coliforms and E. coli results are close to the maximum values allowed by legislation (Brasil, 2011; USEPA, 2009) .
The turbidity parameter did not meet the quality required of water destined for human consumption, according to American legislation (USEPA, 2009) . However, as long as the removal efficiency was higher than 95%, the use of MO in water treatment cannot be discarded.
It was verified that the DOC parameter increased in relation to raw water in a proportional way to the dosage of natural coagulant MO coagulant added to the coagulation/flocculation, sedimentation and filtration processes. Because it is a biodegradable product, the presence of MO tends to increase the organic matter content in treated water (Vieira et al., 2010) . Similar results were observed in other studies (Ghebremichael et al., 2009; Awad et al., 2013) . Despite the increase in DOC, the use of doses under the concentration of 200 mg.L -1 of MO seed extract recommended to treat water for humans does not pose a risk to human health (Rolim et al., 2011) .
In terms of TTHM analysis, the value 20.8 µg.L -1 was observed for raw water. After the coagulation/flocculation, sedimentation and filtration processes carried out with the association of coagulants, an increase in residual values higher than 55% was verified. According to some researchers (Ghebremichael et al., 2005) , there is a concern in relation to MO extract because, being rich in organic matter, nutrients and vitamins, it can interfere with disinfectants used in water treatment plants and lead to the formation of TTHM (Ndabigengesere and Narasiah, 1998) . It is therefore suggested that the association of MO with the synthetic coagulant PAC is a precursor of TTHM formation. However, the observed values still remain within the range permitted by current legislation.
As for the bacteriological parameters, the absence of total coliforms was verified for an 80% dosage of MO coagulant combined with 20% synthetic coagulant. Despite a significant decrease in microbial load, the presence of total coliforms for a 60% dosage of natural coagulant combined with 40% PAC could still be observed. According to a recent study (Dasgupta et al., 2016) , the antimicrobial effects of MO seeds are attributed to the modification of the peptidoglycan backbone of the cell wall. In this way, it can be ascertained that the dosage of natural coagulant interferes with the removal of total coliforms, constituting an indispensable additional step of the disinfection process, so as to render microorganisms inactive and guarantee the production of potable water.
The absence of E. coli was ascertained in all samples of treated water analyzed, which was expected, as previous studies (Dasgupta et al., 2016; Suarez et al., 2003) with MO have indicated the bactericidal activity of MO.
Thus, under the studied operational conditions concerning coagulant association, the results found in physical, chemical and microbiological characterization of water were quite impressive and, as a consequence in agreement with the limits required by Brazilian legislation (Brasil, 2011) .
CONCLUSIONS
The utilization of MO can play a key role in reducing the amount of the synthetic coagulant PAC required to obtain treated water. The proposed association of coagulants using 80%/20% or 60%/40% of MO/PAC resulted in drinking water in accordance with the limits required by Brazilian legislation using a coagulation/flocculation, sedimentation and filtration process under the studied operational conditions. Nevertheless, it is important to perform the disinfection stage in order to assure water potability. In addition, the use of biocoagulants such as MO presents a number of advantages over synthetic coagulants in terms of cost, availability, low sludge volume and effective sludge disposal. The present study demonstrated that natural coagulants could be effectively used to complement synthetic coagulants in water treatment. All benefits and advantages in environmental and public health make this technology competitive both in developing and developed countries. 
